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Abstract:
Background-Inflammation and immune responses are integral components in the healing process after myocardial infarction (MI). We previously reported dendritic cell (DC) infiltration in the infarcted heart. However, the precise contribution of DC in post-infarction healing is unclear. 
Methods and Results-
Introduction
Left ventricular (LV) remodeling after myocardial infarction (MI) is the process of complex architectural myocardial alteration and is associated with a poor clinical outcome.
Congestive heart failure due to post-infarction LV remodeling remains an unresolved problem in spite of aggressive revascularization and pharmacological therapy in recent clinical practice.
Therefore, better understanding of the molecular and cellular mechanisms involved in this process and the search for alternative therapeutic targets against LV remodeling are matters of great importance.
Inflammation and immune responses are integral components of the host reaction to myocardial injury, and play a crucial role in infarct healing and subsequent LV remodeling. 1- 3 We have previously reported that elevated serum C-reactive protein concentration and peripheral monocytosis predict a poor clinical outcome after MI. 4, 5 Moreover, our experimental study demonstrated that the enhanced infiltration of monocytes and macrophages into the infarcted myocardium induced by granulocyte-macrophage colony-stimulating factor leads to aggravated infarct expansion and LV dysfunction. 6 These findings indicate that excessive immune-mediated inflammatory reactions have a deleterious effect on post-infarction LV remodeling. On the other hand, immunosuppressive therapy using corticosteroids resulted in increased catastrophic incidents such as cardiac rupture in clinical practice, 7, 8 and recent experimental data showed that macrophage depletion with clodronate-containing liposomes (Clo-Lip) impaired infarct healing in a murine model, 9 suggesting that controlled inflammation and immune response are prerequisite for appropriate cardiac repair after MI. However, the regulatory mechanism controlling these reactions during the post-infarction healing process remains to be determined.
The dendritic cell (DC) is a potent central immunoregulator, which orchestrates various 4 kinds of inflammatory cells in innate and adoptive immunity. [10] [11] [12] After microbial infection or tissue injury, bone-marrow (BM) and splenic precursors and circulating monocytes are reported to differentiate into DCs and exert various influences on the immune system at the inflammatory site, such as priming of antigen-specific immune responses, induction of tolerance, and chronic inflammation. [13] [14] [15] Zhang et al. first demonstrated infiltration of DCs into the infarcted heart in experimental MI. 16 We have previously reported that an increased number of mature DCs in the infarcted heart was associated with deterioration of LV remodeling in a rat MI model. 17 However, the causative effect of infiltrating DCs on LV remodeling and their origin in the post-infarction healing process are unclear.
The primary aim of this study was to clarify the role of DCs in tissue repair and LV remodeling after MI and the origin of DCs involved in the process. We employed transgenic mice expressing diphtheria toxin receptor (DTR) on DCs, enabling us to specifically deplete DCs by injecting diphtheria toxin (DT), which have already been proven to be a powerful and useful tool to manipulate DCs in vivo.
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Methods
An additional detailed Methods section can be found in the online-only Data Supplement.
Animals
CD11c-DTR/GFP transgenic mice on a C57BL/6 background (CD45. ) were purchased from Clea Japan (Tokyo, Japan). These mice were bred and kept
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All data were expressed as mean value SEM. Comparisons between two groups were performed using Wilcoxon rank sum test. When more than two groups were analyzed, Kruskal-Wallis test followed by Bonferroni's post-hoc test was employed. Survival distributions were estimated using the Kaplan-Meier method and compared by the log-rank test. Difference in cause of death between control and DC-ablated mice after MI was assessed by Fisher's exact test.
A P value of < 0.05 was considered to be significant. All statistical analyses were performed with SPSS 15.0 statistical software package for Windows (SPSS Inc., Chicago, IL).
Results
Strategy of DC Depletion In Vivo
To minimize the effect of DT on non-hematopoietic cells expressing an integrin, CD11c,
we employed a BMT model as described in Methods. Figure 1A) . Moreover, almost all the CD11c + DCs were CD45.2 + (CD45.2 -CD11c + recipient-derived DCs were absent) and more than 97% of these DCs were also GFP + (Supplemental Figure 1B) . These data indicated that cells such as DCs of BMT mice were almost totally replaced with donor BM-derived cells in our BMT mice.
We assessed the effect of DT inoculation in BMT mice by flow cytometry. Flow Figure 2B) . These data were compatible with other previously published papers using this transgenic mouse system.
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Recruitment of DCs into the Infarcted Heart
Peripheral circulating CD11c + GFP + DCs expressing MHCII rapidly increased after MI in control mice, and were almost completely abolished by DT administration in DC-ablated mice.
Immunofluorescent staining showed that resident DCs were rarely observed in the control heart without MI and the number of heart-infiltrating CD11c + GFP + DCs in the infarcted myocardium reached its peak 7 days after MI in control mice, but they were absent in DC-ablated mice for 7 days after MI ( Figure 1A through 1C) . DCs were predominantly identified in the infarcted and border area, whereas there were few DCs in the non-infarcted area after MI in control mice.
These DCs infiltrating the heart also expressed CD11b and MHCII, which almost completely disappeared in DC-ablated mice 7 days after MI ( Figure 1D ). These data indicate that infiltrating cardiac mature DCs originated from the BM and were recruited into the infarcted heart, and that DT treatment is effective for the abrogation of DC infiltration after MI in our BMT model.
No effects of DT on WT mice were confirmed by the data of echocardiographic and organ weight measurements 28 days after sham or MI operation, showing that LV function and heart/lung weight adjusted for body weight were almost similar in non-treated and DT-treated WT mice (Supplemental Figure 3) .
DC-Ablation Aggravates LV Dysfunction and Remodeling after MI
Cardiac function was analyzed 28 days after MI ( Table 1) . Echocardiographic measurements revealed acceleration of cardiac dilatation and deterioration of LV function in DC-ablated mice compared with control mice. Hemodynamic data also indicated that maximum rate of isovolumic pressure development after MI was significantly lower in DC-ablated mice 8 than in control mice. Moreover, heart and lung weights adjusted for body weight 28 days after MI were significantly higher in DC-ablated mice compared with control mice.
Acceleration of MI-Induced Death, Wall Thinning and Myocardial Fibrosis in DC-Ablated
Mice
The survival rate tended to be lower in DC-ablated mice than in control mice 28 days after MI, whereas all sham-operated animals in both groups survived throughout the study (Figure 2A ). We found that the incidence of death from heart failure tended to be higher in DC-ablated mice than in control mice after MI (21.7% vs. 9.4%, P = 0.086), although the occurrence of cardiac rupture was similar in the two groups (13.0% vs. 9.4%, P = 0.53).
Masson's trichrome staining revealed that there was no difference in the gross morphology in sham-operated hearts between control and DC-ablated mice ( Figure 2B ). Twenty-eight days after MI, DC-ablated mice demonstrated enhanced infarct expansion and wall thinning compared with control mice, although the infarct size was similar in the two groups ( Figure 2B through   2D ). Collagen volume fraction detected by picrosirius red staining in the non-infarcted area was significantly higher in DC-ablated mice compared with control mice 28 days after MI ( Figure   2E and 2F). Myocardial fibrosis in the infarcted area did not significantly differ between DC-ablated and control mice 28 days after MI ( Figure 2E and 2F) . However, picrosirius red polarized microscopy of collagen fibers in the infarcted area showed that a predominance of loosely assembled green or yellow fibers were seen in DC-ablated mice, whereas the well aligned thick orange fibers were observed in control mice 28 days after MI ( Figure 2G ).
Absence of DCs Enhances Inflammatory Cytokine but Suppresses Anti-Inflammatory
Cytokine Expression after MI Figure 3 demonstrates the temporal changes of interleukin (IL)-1 , IL-18, tumor necrosis factor (TNF)-, IL-10, CCL2 and CX3CL1 expression after MI. In control mice, the expression of IL-1 , IL-18, TNF-, and CCL2, which are proinflammatory, increased 3 days after MI and gradually decreased thereafter ( Figure 3A through 3D) . In contrast, DC-ablated mice had sustained elevation of IL-1 , IL-18, TNF-, and CCL2 for 7 days after MI compared with control mice (Figure 3A through 3D) . On the other hand, the expression of IL-10 and CX3CL1, which are anti-inflammatory, 7 days after MI was lower in DC-ablated mice than in control mice ( Figure 3E and 3F) . Western blotting analysis confirmed that expression of IL-10 at the protein level was significantly lower in DC-ablated mice compared with control mice 7 days after MI ( Figure 3G and 3H).
DC-Ablation Accentuates Matrix Metalloproteinase (MMP)-9 Activity and Inducible Nitric Oxide Synthase (iNOS) Expression after MI
As shown in Figure 4 , MMP-9 activity was increased in the infarcted heart 3 days after MI and decreased thereafter in control mice, whereas its activity in DC-ablated mice was persistently upregulated for 28 days after MI ( Figure 4A and 4B). The activity of MMP-2 tended to be higher in DC-ablated mice than in control mice, although there was no statistical significance between the two groups ( Figure 4A and 4C) . Furthermore, iNOS was also increased by MI, and DC-ablation further enhanced the induction of iNOS 7 days after MI ( Figure 4D and 4E).
Post-Infarction Myocardial Angiogenesis is Impaired by DC Depletion
To assess the influence of DC depletion on cardiac angiogenesis, we performed the immunoblot and histological analyses. As shown in Figure 5A and 5B, the expression of vascular endothelial growth factor (VEGF) at protein level, which was upregulated in control infarcts, was significantly suppressed by DC-ablation 7 days after MI. Moreover, our immunohistochemical staining revealed that the number of blood vessels in the infarcted myocardium was smaller and the fraction of CD31 + Ki67 + proliferating endothelial cells was significantly lower in DC-ablated mice compared with control mice 7 days following MI ( Figure   5C and 5D), suggesting that DC depletion might affect the cardiac neoangiogenesis during the post-infarction healing process.
Enhanced Infiltration of Inflammatory M1 Macrophages and Diminished Recruitment of
Anti-Inflammatory M2 Macrophages into the Infarcted Myocardium in Response to
DC-Ablation
We evaluated the degree of various inflammatory cell infiltration after MI in control and DC-ablated mice. The number of total CD45 + leukocytes in the infarcted heart was significantly higher in DC-ablated mice than in control mice 7 days after MI (Supplemental Figure 4A ).
Immunofluorescent staining also indicated that infiltration of CD45 + leukocytes into the infarcted myocardium 7 days after MI was greater in DC-ablated mice compared with control mice (Supplemental Figure 4B ). Immunohistochemical staining for Mac3 showed that the number of infiltrating differentiated macrophages into the infarcted myocardium peaked on day 7
after MI and was significantly higher in DC-ablated mice 7 and 14 days after MI compared with control mice (Figure 6A and 6B). Flow cytometric analysis also demonstrated that the percentage of Mac3 + macrophages in the heart 7 days after MI in DC-ablated mice was significantly higher compared with control mice (Supplemental Figure 4C and 4D). Figure 6C and 6D). The number of MPO + neutrophils in the infarcted heart 7 days after MI tended to be higher in DC-ablated mice compared with control mice ( Figure 6E ). However, the number of CD3 + T cells infiltrating the infarcted myocardium was comparable in the two groups ( Figure 6F ).
DC-Ablation Causes Increased Ly6C high Monocyte but Decreased Ly6C low Monocyte
Infiltration into the Infarcted Heart
Monocytes, which play important roles in tissue repair after MI, were evaluated in peripheral blood and heart tissue. Flow cytometric analysis showed that the total number of peripheral blood monocytes was higher in DC-ablated mice compared with control mice (Supplemental Figure 5A ). In addition, peripheral blood Ly6C high monocytes were persistently increased while Ly6C low monocytes were decreased in DC-ablated mice compared with control mice, especially 7 days after MI ( Figure 7A and 7B). Moreover, among the inflammatory leukocytes isolated from the infarcted heart, the number of total monocytes and inflammatory Ly6C high monocytes were markedly higher whereas the number of reparative Ly6C low monocytes was lower in DC-ablated mice 7 days after MI compared with those in control mice (Supplemental Figure 5B , Figure 7C and 7D).
Discussion
We demonstrated here that mature, activated CD11c + CD11b + DCs originating from the BM infiltrate the infarcted heart during the healing process after MI. Selective depletion of DCs exacerbated post-infarction LV remodeling in association with enhanced inflammatory cytokine expression, iNOS production, and MMP-9 activation likely via marked infiltration of well-coordinated recruitment of monocytes/macrophages in the injured heart. However, the molecular or cellular mechanisms upstream of this critical framework remain to be elucidated. However, the IRAK-4 signaling pathway is also operative in cardiomyocytes and other immune cells in addition to DCs. 31, 32 Since the initial inflammatory signals after MI are known to involve cardiomyocytes and are further strengthened by neutrophils and monocytes/macrophages expressing IRAK-4, their results might reflect the involvement of these cells in the development of post-infarction LV dysfunction. Therefore, the precise contribution of DCs in the infarcted heart remains unclear.
In the present study, we employed CD11c-DTR/GFP transgenic mice to examine the effect of DC depletion on post-infarction myocardial remodeling. enhanced MMP-9 activation were also observed in DC-ablated mice, which were associated with increased peripheral blood and tissue inflammatory monocytes/macrophages. Consistent with previously published paper which demonstrated that thick collagen fibers were degraded by augmented MMPs and replaced by premature collagen fibers in the infarcted heart, 33 our study based on the picrosirius polarized microscopy showed that DC-ablated infarcts had disorganized collagen fibers, which may lead to subsequent infarct expansion and heart failure. Moreover, cardiac angiogenesis, which has a favorable effect on tissue repair following MI, was inhibited in DC-ablated mice compared with control mice. As discussed above, Ly6C low monocytes selectively express higher levels of VEGF, 26 and M2 macrophages also have proangiogenic properties. 34 Taken together, these findings indicate that the absence of DCs leads to activation of inflammatory monocytes/macrophages and suppression of reparative monocytes/macrophages, inducing enhanced inflammation, extracellular matrix degradation and apoptosis, and impaired neoangiogenesis in post-infarction healing process.
DCs, macrophages, and monocytes are members of the mononuclear phagocyte system, defined as non-granulocytic, myeloid cells that play important roles in tissue remodeling and homeostasis, as well as regulatory and stimulatory aspects of innate and adaptive immunity. Representative immunoblotting analysis for iNOS in the infarcted heart of control and DC-ablated mice 7 days after MI. E, Quantitative assessment for iNOS expression in the infarcted heart of control and DC-ablated mice 7 days after MI (n = 5 per group). * P < 0.05 and ** P < 0.01 vs sham of same group; † P < 0.05 and † † P < 0.01 vs control MI. 
Creation of Myocardial Infarction (MI)
Experimental MI was induced as previously described. 2, 3 In brief, mice were anesthetized with an intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg), then intubated and connected to a rodent ventilator. The chest cavity was opened via left thoracotomy to expose the heart, and the left coronary artery was permanently ligated with a 7-0 silk suture at the site of its emergence from the left atrium. Complete occlusion of the vessel was confirmed by the presence of myocardial blanching in the perfusion bed. Mice that died within 24 hours after surgery were excluded from the experiment. Sham-operated animals in both groups underwent the same procedure without coronary artery ligation. The deceased mice were performed an autopsy to determine the cause of death: cardiac rupture was confirmed by the presence of blood coagulation around the pericardial sac and in the chest cavity, and heart failure was diagnosed by lung congestion with chest fluid accumulation.
Echocardiography and Hemodynamics
Echocardiographic and hemodynamic evaluations were performed on day 28 after the 
Morphometric Analysis
Heart tissue was fixed in formalin, embedded in paraffin, and cut into 5-µm-thick sections.
Sections were stained with hematoxylin and eosin, Masson's trichrome and picrosirius red to determine the infarct size and cardiac fibrosis, and identify their morphology. To evaluate the quality of collagen fibers, picrosirius red stained-sections were studied with polarized microscopy. The infarct size was assessed as total infarct circumference divided by total LV circumference times 100, as described previously. 4 The wall thickness of the scar at the papillary muscle level was also measured. The fraction of collagen volume was assessed in 4 using ImageJ software (version 1.38×, National Institutes of Health).
Real-Time Quantitative PCR
Total RNA was isolated by the acid-phenol extraction method in the presence of chaotropic salts (Trizol, Invitrogen, Carlsbad, CA) and subsequent isopropanol-ethanol precipitation as described previously. 5 Reverse transcription was performed using a Super-Script First-Strand Synthesis System (Invitrogen) in accordance with the manufacturer's protocol. The sequences of primer pairs were designed using Primer Express III software (Applied Biosystems, Foster City, CA) and are described in online-only Data Supplement Table 1 .
Real-time quantitative PCR was performed using an ABI Prism 7500 sequence detection system (Applied Biosystems). The obtained data were normalized using the expression levels of mouse 18S rRNA.
Western Blotting
Frozen tissue was homogenized in T-PER Tissue Protein Extraction Reagent (Thermo Scientific, Rockford, IL) with protease inhibitors (Thermo Scientific). After centrifugation, the supernatant was collected and protein concentration measured using a Bradford assay system. Equal amounts of protein samples (30 µg) were electrophoresed on 4-12% NuPAGE
Bis-Tris gels (Invitrogen), and then proteins were electroblotted onto polyvinylidene blue for 90 min followed by destaining with a solution containing 30% ethanol and 10% acetic acid. The presence of different MMPs was identified on the basis of their molecular weight. The gels were photographed using MF-ChemiBIS (DNR Bio-Imaging Systems) and analyzed using Quantity One software (Bio-Rad).
Immunohistochemical Staining
Immunohistochemical studies were performed by immunoperoxidase methods using 
Preparation of Splenic and Peripheral Blood Cells
Spleens were removed, mushed and then passed through a 100-µm nylon mesh in PBS. After addition of ACK lysis buffer solution to exclude erythrocytes, the single cell suspension in PBS was refiltered through a 100-μm nylon mesh to remove connective tissue. Peripheral blood was drawn via cardiac puncture and collected into a heparinized tube. ACK lysis buffer solution was also added to the collected peripheral blood, followed by washing in PBS.
Isolation of Infiltrating Leukocytes from the Infarcted Heart
On the indicated days after the operation, mice were deeply anesthetized and intracardially perfused with ice-cold PBS to remove blood cells before euthanasia. 
